Xylan, a major polysaccharide in plant lignocellulosic biomass, is acetylated at O-2 and/or O-3 and its acetylation impedes the use of biomass for biofuel production. Currently, it is not known what genes encode acetyltransferases that are responsible for xylan O-acetylation. In this report, we demonstrate an essential role for the Arabidopsis gene ESKIMO1 (ESK1) in xylan O-acetylation during secondary wall biosynthesis. ESK1 expression was found to be regulated by the secondary wall master regulator SND1 (secondary wall-associated NAC domain protein1) and specifically associated with secondary wall biosynthesis. Its encoded protein was localized in the Golgi, the site of xylan biosynthesis. The esk1 mutation caused reductions in secondary wall thickening and stem mechanical strength. Chemical analyses of cell walls revealed that although the esk1 mutation did not cause apparent alterations in the xylan chain length and the abundance of the reducing end sequence, it resulted in a significant reduction in the degree of xylan acetylation. The reduced acetylation of esk1 xylan rendered it more accessible and digestible by endoxylanase, leading to generation of shorter xylooligomers compared with the wild type. Further structural analysis of xylan showed that the esk1 mutation caused a specific reduction in 2-O-and 3-Omonoacetylation of xylosyl residues but not in 2,3-di-Oacetylation or 3-O-acetylation of xylosyl residues substituted at O-2 with glucuronic acid. Consistent with ESK1's involvement in xylan O-acetylation, an activity assay revealed that the esk1 mutation led to a significant decrease in xylan acetyltransferase activity. Together, these results demonstrate that ESK1 is a putative xylan acetyltransferase required for 2-O-and 3-O-monoacetylation of xylosyl residues and indicate the complexity of the biochemical mechanism underlying xylan O-acetylation.
Introduction
Xylan is the second most abundant polysaccharide in plant biomass targeted for biofuel production. Xylose produced from xylan digestion can be potentially exploited together with glucose from cellulose digestion for fermentation into ethanol (Lee et al. 1986) . At the same time, xylan polysaccharides physically interlock with cellulose, which is one of the main factors contributing to biomass recalcitrance, i.e. resistance of conversion of biomass into fermentable sugars by cell wall-degrading enzymes (Himmel et al. 2007) . Therefore, it is important to isolate and characterize all the genes involved in xylan biosynthesis, the knowledge of which may provide genetic tools to modify biomass composition with reduced recalcitrance.
Xylan is made of a linear chain of b-1,4-linked xylosyl residues to which are often attached various side chains, such as a-1,2-linked glucuronic acid (GlcA), a-1,2-linked methylglucurononic acid (MeGlcA) and a-1,2/a-1,3-linked arabinose, depending on the plant species (Timell 1967) . In addition, the reducing end of xylans from gymnosperms and dicots contains a unique tetrasaccharide sequence composed of b-D-Xylp-(1!3)-a-L-Rhap-(1!2)-a-D-GalpA-(1!4)-D-Xylp (Shimizu et al. 1976 , Johansson and Samuelson 1977 , Andersson et al. 1983 , Peña et al. 2007 , Lee et al. 2009a ). Recent genetic and biochemical studies in Arabidopsis, poplar and rice have led to the identification of a number of genes implicated in xylan biosynthesis. The biosynthesis of the xylan backbone requires glycosyltransferase (GT) members from both the GT43 and GT47 families (Brown et al. 2007 , Lee et al. 2007a , Peña et al. 2007 , Brown et al. 2009 , Wu et al. 2009 ). Notably, all four GT43 members in Arabidopsis have been shown to be involved in xylan backbone biosynthesis and they form two functionally non-redundant groups , Wu et al. 2010 . Biochemical analyses have provided further evidence demonstrating that the two functionally non-redundant groups of GT43 proteins act cooperatively in catalyzing the successive transfer of xylosyl residues during xylan backbone elongation (Lee et al. 2012b) . A similar scenario has been found for the involvement of GT43 members in xylan biosynthesis in poplar (Lee et al. 2011a , Lee et al. 2012c . The biosynthesis of the xylan reducing end tetrasacchride sequence requires several GT genes from families GT8 and GT47 (Zhong et al. 2005 , Brown et al. 2007 , Lee et al. 2007b , Peña et al. 2007 , Persson et al. 2007 , Lee et al. 2009b ), but the biochemical functions of these GTs remain elusive. Recently, significant progress has been made in the identification of genes involved in GlcA and arabinosyl substitutions and GlcA methylation on xylan. In Arabidopsis, GlcA substitution of xylan has been shown to be carried out by at least three xylan glucuronyltransferases belonging to family GT8, simultaneous mutations of which result in a complete loss of GlcA side chains on xylan (Mortimer et al. 2010 , Lee et al. 2012a , Rennie et al. 2012 ). 4-O-Methylation of GlcA side chains on xylan has been demonstrated to be catalyzed by three DUF579 domain-containing glucuronoxylan methyltransferses, GXM1, GXM2 and GXM3/GXMT1, in Arabidopsis (Lee et al. 2012d , Urbanowicz et al. 2012 . Arabinosyl substitution of xylan in wheat and rice entails several members from family GT61, and their overexpression in Arabidopsis leads to production of xylan with arabinosyl substitutions (Anders et al. 2012) . Taken together, the identification of these xylan biosynthetic genes has greatly expanded our understanding of the biochemical mechanisms underlying xylan biosynthesis.
In addition to sugar substitutions, xylan is often substituted by acetyl groups. Acetyl substitutions can occur at both O-2 and O-3 of the same xylosyl residues, at O-2 or O-3 of different xylosyl residues or at O-3 of xylosyl residues substituted at O-2 with GlcA/MeGlcA (Teleman et al. 2000) . Analyses of acetylated xylans isolated from birch, beech, poplar and Eucalyptus revealed that about 40-60% of xylosyl residues are acetylated (Teleman et al. 2002 , Evtuguin et al. 2003 , Gonçalves et al. 2008 ). This high degree of acetyl substitution on xylan has been shown to contribute to biomass recalcitrance by blocking xylanolytic enzymes from accessing and hydrolyzing xylan, which further negatively impacts the ability of cellulolytic enzymes to access and hydrolyze cellulose in the biomass (Selig et al. 2009 ). More importantly, the acetyl groups on xylan are released in the form of acetate during pre-treatments of biomass for biofuel production, and the released acetate is inhibitory to microorganisms used for fermentation of sugars (Helle et al. 2003) . Since xylan is the major acetylated polysaccharide in plant biomass, it is envisaged that a reduction in xylan acetylation may be beneficial to biomass conversion into biofuels due to a reduced release of acetate and thereby an increased fermentation efficiency by microorganisms (Carroll and Somerville 2009) .
To modify the degree of acetyl substitutions on xylan genetically, it is essential to identify genes involved in xylan acetylation. Currently, no genes encoding xylan O-acetyltransferases have yet been identified. Furthermore, it is unknown whether a common O-acetyltransferase activity is able to catalyze the transfer of the acetyl group onto all the O-2 and O-3 positions of the xylosyl residues or if position-specific O-acetyltransferase activities are responsible for their transfer at different positions. So far, the only genes that are known to affect xylan acetylation are the four Arabidopsis RWA (reduced wall acetylation) genes, simultaneous mutations of which cause a 40% reduction in the acetylation of xylan (Lee et al. 2011b) . RWAs are homologs of CAS1 from Cryptococcus neoformans that is involved in the O-acetylation of its main capsular polysaccharide, glucuronoxylomannan (Janbon et al. 2001) . The fungal CAS1 protein contains multiple transmembrane domains and a large loop of putative acetyltransferase domain. The Arabidopsis RWA proteins only possess the transmembrane domains but lack the putative acetyltransferase domain, and thus RWAs are proposed to be putative transporters involved in the transport of the acetyl donor, acetyl-CoA, from the cytoplasm to the Golgi lumen (Gille et al. 2011) .
In this report, we demonstrate that Arabidopsis ESK1 (ESKIMO1), a gene belonging to the DUF231 family, is involved in xylan acetylation. ESK1 is specifically expressed in secondary wall-forming cells and its expression is regulated by the secondary wall master switch SND1 (secondary wall-associated NAC domain protein1). Chemical analyses of cell walls in the esk1 mutant showed that the esk1 mutation causes a reduction in the degree of acetylation on xylan. Further detailed structural analyses of acetylated xylans revealed that the esk1 mutation results in a specific defect in 2-O-and 3-O-monoacetylation of xylosyl residues on xylan. Our findings establish an essential role for ESK1 in xylan acetylation and indicate the complexity of the biochemical mechanisms underlying O-acetylation of xylan.
Results
The expression of ESK1 is regulated by SND1 and its encoded protein is localized in the Golgi During the course of study of genes regulated by SND1, a master transcriptional regulator of secondary wall biosynthesis in Arabidopsis , we have previously identified roles for several SND1-regulated genes in xylan biosynthesis (Lee et al. 2011b , Lee et al. 2012a , Lee et al. 2012d , indicating the effectiveness of using SND1 as a molecular tool to search for new genes involved in xylan biosynthesis. In this report, we focused on the At3g55990 gene whose expression was highly induced by SND1 overexpression and downregulated by simultaneous mutations of SND1 and its functionally redundant gene NST1 (Fig. 1A) . The At3g55990 gene was previously named ESKIMO1 (ESK1) and identified as a regulator of freezing tolerance because the esk1 mutation results in a significant elevation in freezing tolerance in the absence of cold acclimation Browse 1998, Xin et al. 2007 ). The ESK1 gene was shown to be expressed in vascular tissues and its mutation caused a collapsed vessel phenotype and impaired water transport (Lefebvre et al. 2011) , but its biochemical function is not known. Our finding that ESK1 is an SND1-regulated gene indicates its involement in secondary wall biosynthesis. To extend this finding, we examined ESK1 expression in different organs and cell types. Quantitative PCR analysis revealed that at the organ level, ESK1 was most highly expressed in elongated stems (middle and bottom parts of stems in Fig. 1B ) in which xylem and interfascicular fiber cells are undergoing massive secondary wall deposition. At the cellular level, ESK1 expression was predominant in secondary wall-forming cells, xylem and interfascicular fibers (Fig. 1C) , which was further confirmed by the b-glucuronidase (GUS) reporter gene showing its specific expression in xylem and interfascicular fibers under different developmental stages ( Fig. 1D-G) .
To find out whether ESK1 is involved in the biosynthesis of cellulose, which occurs at the plasma membrance, or the biosynthesis of xylan, which is carried out in the Golgi, we next investigated the subcellular localization of ESK1. Sequence analysis of ESK1 using the TMHMM2.0 program for prediction of transmembrane helices in proteins (http://www.cbs.dtu.dk/ser vice/TMHMM-2.0) predicts that ESK1 is a type II membrane protein with one transmembrane helix ( Fig. 2A) . Subcellular localization of ESK1 using fluorescence protein tagging in Arabidopsis protoplasts revealed its co-localization with fragile fiber8 (FRA8; Fig. 2D-G) , a GT47 glycosyltransferase known to be localized in the Golgi (Zhong et al. 2005) . The control protoplasts expressing yellow fluorescent protein (YFP) alone showed fluorescent signals throughout the cytoplasm (Fig. 2B,  C) . Together, the expression and subcellular localization analyses indicate that the SND1-regulated ESK1 is most probably involved in the biosynthesis of xylan, which takes place in the Golgi.
The esk1 mutation affects stem strength and secondary wall thickening To find out whether ESK1 is involved in xylan biosynthesis, we first examined the effects of its mutation on secondary wall thickening and stem mechanical strength. A number of known xylan mutants affecting the biosynthesis of the xylan backbone or the xylan reducing end sequence, including fra8, irx8, irx9 and parvus, exhibit common phenotypes, such as retarded plant growth, collapsed xylem vessels, reductions in secondary wall thickening and stem strength, and reduced xylose and glucose amounts in cell walls (Brown et al. 2007 , Lee et al. 2007b , Peña et al. 2007 , Persson et al. 2007 ). In addition, the fra8 mutant seedlings often display a wilty leaf phenotype under high water transpiration conditions, probably due Developmental expression patterns of ESK1 as revealed by the GUS reporter gene. Cross-sections of top stems (D), middle stems (E), bottom stems (F) and roots (G) from 6-week-old transgenic Arabidopsis plants expressing the ESK1 gene fused with the GUS reporter genes were stained for GUS activity (shown as blue). co, cortex; if, interfascicular fiber; pi, pith; sp, secondary phloem; sx, secondary xylem; xy, xylem.
to the impediment of water transport caused by the collapse of the xylem vessels (Zhong et al. 2005) . Examination of the esk1 mutant plants showed a number of phenotypes that are common to the above-described xylan mutants, including wilty leaves (Fig. 3A) , smaller rosette leaves and shorter inflorescence stems (Fig. 3B, C) , reduced stem mechanical strength ( Fig. 3D) , collapsed xylem vessels (Fig. 4A, B ) and reduced secondary wall thickening (35% reduction compared with the wild type; Fig. 4C -F). However, no major changes in cell wall composition were noticed in esk1 compared with the wild type, except for a slight decrease in glucose ( Fig. 4G) , indicating that although the esk1 mutant shares many phenotypes with the xylan mutants, its lack of reduction in xylose content distinguishes it from these mutants with defects in the biosynthesis of the xylan backbone or the xylan reducing end sequence. In other words, the esk1 mutation may affect a step other than the biosynthesis of the xylan backbone or the xylan reducing end sequence.
The esk1 mutation results in a reduction in xylan acetylation and generation of shorter xylooligosaccharides by endoxylanase digestion of acetylated xylan
To ascertain a role for ESK1 in xylan biosynthesis, we compared the structure of xylan from esk1 with that of the wild type. KOH-extracted xylans from esk1 and the wild type were digested with endoxylanase to generate xylooligosaccharides, which were subsequently subjected to structural analysis using nuclear magnetic resonance (NMR) spectroscopy ( (Peña et al. 2007 ). Xylan from esk1 showed all the characteristic resonances corresponding to the backbone xylosyl residues, the xylan reducing end sequence and the GlcA side chains (Fig. 5B) . The only noticeable difference between esk1 and the wild type was the ratio of GlcA and methylated GlcA. In the wild type, 58% of GlcA was methylated, whereas 68% of GlcA was methylated in esk1 (Fig. 5) . This increased GlcA methylation phenotype somewhat resembles a number of known xylan mutants, such as fra8, irx8, irx9 and parvus, in which GlcA side chains on xylan are completely methylated (Zhong et al. 2005 , Brown et al. 2007 , Lee et al. 2007b , Peña et al. 2007 , indicating that the increased GlcA methylation observed in esk1 is likely to be an indirect effect common to some other xylan mutants.
Since we did not detect any major defects in the biosynthesis of the xylan backbone, the biosynthesis of the xylan reducing end sequence or the substitution of GlcA side chains, we investigated whether the esk1 mutation affected the degree of O-acetylation of xylan. Since acetyl groups are lost during the xylan extraction with KOH, we used dimethylsulfoxide (DMSO) to extract acetylated xylan (Teleman et al. 2002) . We first examined the amount of acetyl groups present in the total cell walls, pectins and DMSO-extracted acetylated xylans. It was found that the esk1 mutation resulted in >30% reduction in acetyl groups in both total cell walls and the xylan fraction, but not in the pectin fraction ( Table 1 ), indicating that the esk1 mutation caused a defect in xylan acetylation. Transformation of the wild-type ESK1 gene into the esk1 mutant not only rescued the defects in stem strength, secondary wall thickening and plant growth, but also restored the level of acetyl groups in both total cell walls and the xylan fraction to the wild-type level.
To examine the degree of xylan acetylation in the esk1 mutant, we digested DMSO-extracted xylan with endoxylanase to generate xyloligosaccharides, which were subsequently subjected to matrix-assisted laser desorption ionization-time-offlight mass spectrometry (MALDI-TOF-MS) (Fig. 6) . The predominant signal peaks from wild-type xylooligosaccharides are m/z 1,093, 1,107, 1,149, 1,225 and 1,267, which correspond to Xyl 6 (GlcA)(Ac) 2 , Xyl 6 (MeGlcA)(Ac) 2 , Xyl 6 (MeGlcA)(Ac) 3 , Xyl 7 (GlcA)(Ac) 2 and Xyl 7 (GlcA)(Ac) 3 , respectively. There are a number of other less abundant signal peaks corresponding to various Xyl 4 -Xyl 8 substituted with various numbers of GlcA, MeGlcA and acetyl groups. In contrast, the most abundant signal peak from esk1 xylooligosaccharides is m/z 801 corresponding to Xyl 4 (MeGlcA)(Ac), which is present in very low abundance in the wild type. Two other signal peaks m/z 787 and m/z 817, corresponding to Xyl 4 (GlcA)(Ac) and Xyl 3 (MeGlcA) 2 , respectively, were also highly elevated in esk1 compared with the wild type. On the other hand, the signal peaks m/z 1,093, 1,107, 1,149, 1,225 and 1,267, which correspond to longer xylooligosaccharides with more acetyl groups, are significantly reduced in their abundance in esk1 compared with the wild type. These results demonstrate that the esk1 mutation increases the digestibility of acetylated xylan by endoxylanase, leading to generation of shorter xylooligosaccharides with fewer numbers of acetyl groups compared with the wild type, which is consistent with the reduced xylan acetylation observed in esk1 ( Table 1 ).
The levels of 2-O-and 3-O-monoacetylation of xylosyl residues in xylan are specifically reduced in the esk1 mutant
The finding that the esk1 mutation causes a defect in xylan acetylation prompted us to investigate further the patterns of acetyl substitutions on xylan by NMR spectroscopy. Acetylated xylan from the wild type exhibited resonances typical for acetyl groups around 2.2 p.pm. and all the sugar groups between 3.0 and 5.3 p.p.m. (Fig. 7A) (Teleman et al. 2002) . Although the resonances for the acetyl and sugar groups were present in the acetylated xylan of the esk1 mutant, a significant reduction in the signals for acetyl groups was evident in esk1 compared with the wild type (Fig. 7B) . Integration analysis showed that the relative amount of acetyl groups in esk1 xylan was reduced by 30% compared with the wild type ( Table 2) , which is congruent with the chemical analysis of acetyl groups on xylan ( Table 1) . The average degree of substitution of the xylosyl residues with acetyl groups (DS Ac ) was reduced from 61% in the wild type down to 42% in esk1 ( Table 2) .
We next examined whether the esk1 mutation affected the distribution pattern of acetyl groups on xylan based on the fingerprint region of the 1 H-NMR spetra of acetylated xylans (Fig. 8) . The proton resonances for different structural fragments were assigned based on the published data for aspen wood xylan (Teleman et al. 2000) and further confirmed by two-dimensional heteronuclear single quantum coherence spectroscopy. The wild-type acetylated xylan exhibited characteristic resonances corresponding to 2-O-monoacetylated xylosyl residues, 3-O-monoacetylated xylosyl residues, 2,3-di-O-acetylated xylosyl residues and 3-O-monoacetylated xylosyl residues substituted at O-2 with GlcA/MeGlcA (Fig. 8A, B) . In addition, O-3-linked acetyl groups were much more abundant than O-2-linked acetyl groups in the wild-type acetylated xylan. Examination of the acetylated xylan from esk1 revealed a signficant reduction in resonance signals for 2-O-monoacetylated and 3-O-monoacetylated xylosyl residues (Fig. 8B) . Integration analysis demonstrated that the signal abundance for 2-Omonoacetylated and 3-O-monoacetylated xylosyl residues was reduced by 67% and 34%, respectively, in esk1 compared with the wild type ( Table 3) . In contrast, no reduction was noticed for the resonance signals attributed to 2,3-di-O-acetylated xylosyl residues and 3-O-monoacetylated xylosyl residues substituted at O-2 with GlcA/MeGlcA. It was intersting to note that the resonance signals corresponding to GlcA/ MeGlcA were elevated in esk1 compared with the wild type (Fig. 8, Table 3 ). Together, the NMR analysis of acetyl groups in xylan demonstrated that the esk1 mutation specifically affected acetyl substitutions at O-2 or O-3 of xylosyl residues.
The esk1 mutation causes a drastic reduction in xylan acetyltransferase activity
To substantiate further the role of ESK1 in xylan acetylation, we investigated whether the esk1 mutation affected the xylan acetyltransferase activity. The acetyltransferase activity was assayed in stem microsomes using acetyl-coenzyme A (acetyl-CoA) as an acetyl donor in the presence or absence of the Xyl 6 acceptor. A high level of incorporation of acetyl groups onto the Xyl 6 acceptor was detected in the wild-type microsomes (Fig. 9) , demonstrating that the wild-type microsomes possess an acetyltransferase acitivty that is able to transfer the acetyl groups from the acetyl-CoA donor onto xylooligomer acceptors. Assay of the acetyltransferase activity in esk1 microsomes revealed a significantly reduced activity, which was about 20% of that of the wild type (Fig. 9) . In contrast, the activities of two other xylan biosynthetic enzymes, xylosyltransferase and methyltransferase, were only slightly altered in esk1 compared with the wild type (Fig. 9) . These results are consistent with the chemical analysis showing that the esk1 mutation caused a specific reduction in xylan acetylation.
Discussion
One of the main factors hampering the efficient use of biomass for biofuel production is the presence of acetyl substituents in biomass polysaccharides and, hence, it is important to identify genes responsible for polysaccharide acetylation in order to develop strategies for custom-designing biomass for biofuel production (Carroll and Somerville 2009 ). Since xylan is the major acetylated polysaccharide in secondary wall-rich biomass, much attention has been paid to investigating the roles of acetylated xylan in biomass recalcitrance (Selig et al. 2009 ). Currently, the Arabidopsis RWA genes are the only ones known to affect xylan acetylation (Lee et al. 2011b) , and xylan acetyltransferase genes have not yet been identified. The data are means ± SE of two independent assays.
Our findings that the ESK1 gene is required for the specific 2-O-and 3-O-monoacetylation of xylosyl residues in xylan and for the normal xylan acetyltransferase activities mark an important step toward our understanding of the complexity of the biochemical mechanisms underlying xylan O-acetylation.
The DUF231 domain-containing protein ESK1 is a putative acetyltransferase mediating O-acetylation of xylan
Our genetic and chemical analyses of the esk1 mutant provide unequivocal evidence demonstrating that ESK1 is involved in xylan O-acetylation during secondary wall biosynthesis.
First, ESK1 expression is regulated by the secondary wall master regulator SND1 and specifically associated with secondary wall biosynthesis. Secondly, the ESK protein is localized in the Golgi, where xylan biosynthesis occurs. Thirdly, the esk1 mutation causes a significant reduction in O-acetylation of xylan without any major effects on other xylan structural units, including the xylan backbone, the xylan reducing end sequence and the GlcA substitutions. Moreover, the esk1 mutation results in a drastic decrease in xylan acetyltransferase activity. In contrast, although the rwa1/2/3/4 quadruple mutant is known to affect xylan O-acetylation (Lee et al. 2011b) , it exhibits no apparent reduction in the xylan Fig. 6 MALDI-TOF mass spectra of xylooligosaccharides generated by xylanase digestion of DMSO-extracted xylans from the wild type and esk1. The major ion peaks of different masses are labeled (A) and their corresponding xylooligomers are listed in (B). Xyl n (GlcA) n (Ac) n denote a xylooligomer (with n the number of xylosyl residues) substituted with n number of GlcA and n number of acetyl groups. Note the significant difference in the abundance of xylooligomers generated by xylanase digestion of DMSO-extracted xylans between the wild type and esk1.
Fig. 7
1 H-NMR spectra of acetylated xylans isolated from the wild type (A) and esk1 (B). The resonance regions for acetyl groups and carbohydrate are marked. Note an apparent reduction in the peak area of acetyl groups in esk1 (B) compared with the wild type (A). Fig. 8 Diagram of an acetylated xylooligomer from wild-type xylan (A) and the fingerprint regions of the 1 H-NMR spectra of acetylated xylans isolated from the wild type and esk1 (B). Resonances are labeled with the position of the assigned proton and the identity of structural fragments containing that proton. Resonances corresponding to non-acetylated xylosyl residues (Xyl), 2-O-acetylated xylosyl residues (Xyl-2Ac), 3-O-acetylated xylosyl residues (Xyl-3Ac), 2,3-di-O-acetylated xylosyl residues (Xyl-2,3Ac), 3-O-acetylated xylosyl residues substituted at O-2 with GlcA/MeGlcA (Xyl-3Ac-2GlcA) and GlcA/ MeGlcA side chains are identified. Note the significant reduction in the resonances of Xyl-2Ac and Xyl-3Ac in the esk1 mutant compared with the wild type. (Fig. 8) . The total balance of acetyl groups was verified by integration of acetyl signals at 2.2 p.p.m. (Fig. 7) . a The integration of carbohydrates was calculated from the NMR resonance between 3 and 5.5 p.p.m. (Fig. 7) and taken as 1. b The integration of acetyl groups was determined from the ratio of the NMR resonance of acetyl groups to that of carbohydrates. c The amount of acetyl groups in the wild-type xylan is taken as 100, and the relative amount of acetyl group in esk1 is calculated from the ratio of acetyl groups of the mutant over that of the wild type. DS AC , degree of substitution of xylosyl residues by acetyl groups.
acetyltransferase activity (unpublished data).Therefore, ESK1 is the first gene shown to be essential for both normal xylan O-acetylation and xylan acetyltransferase activity, indicating that ESK1 might be a putative acetyltransferase mediating acetyl substitutions in xylan during secondary wall biosynthesis. We attempted to assay the xylan acetyltransferase activity of recombinant ESK1 protein that is heterologously expressed in Escherichia coli and yeast cells but failed to detect any acetyl transfer from the acetyl-CoA donor onto the Xyl 6 acceptor. There could be many reasons for the failure to detect the acetyltransferase activity using the recombinant proteins, including incorrect folding and improper post-translational modifications of the recombinant proteins expressed in nonplant cells, and a lack of accesory proteins or other components required for the activity. Nevertheless, the implication of ESK1 as a putative acetyltransferase provides a starting point for characterization of acetyltransferase genes participating in xylan O-acetylation. The finding that ESK1 plays an essential role in O-acetylation of xylan is in agreement with the proposed functions of DUF231 members in polysaccharide O-acetylation (Gille et al. 2011) . ESK1 belongs to a large, plant-specific DUF231 domaincontaining protein family consisting of 46 members, which were recently annotated as trichome birefringence-like (TBL) because one of the members, TBR (trichome birefringence), is required for the deposition of secondary wall cellulose in trichomes (Potikha and Delmer 1995, Bischoff et al. 2010) . TBR and another member TBL3 were found to reduce pectin esterification and were proposed to function in maintaining the esterification state of pectins, but their actual biochemical functions are not yet defined. Two other TBL members, AXY4 and AXY4L, were identified as putative acetyltransferases for O-acetylation of xyloglucan in non-seed tissues and seeds, respectively (Gille et al. 2011 ). However, it has not been determined whether the axy4 and axy4l mutations cause a reduction or a loss of xyloglucan acetyltransferase activity and whether recombinant AXY4 and AXY4L are able to transfer acetyl groups onto xyloglucan polymers. Nevertheless, the findings that AXY4 and AXYL are essential for xyloglucan O-acetylation and ESK1 is required for xylan O-acetylation support the hypothesis that DUF231 family members are strong candidates for acetyltransferases involved in O-acetylation of various cell wall polymers.
The esk1 mutant was originally identified as a negative regulator of cold acclimation because the esk1 mutation leads to an increased freezing tolerance in the absence of cold acclimation Browse 1998, Xin et al. 2007 ). Subsequently, the esk1 mutant was also found to be resistant to other stresses such as water deficit and high salt (Bouchabke-Coussa et al. 2008 , Lugan et al. 2009 ). The findings in our current study showing that the ESK1 gene is specifically expressed in secondary wall-forming cells and its mutation causes a significant defect in xylan O-acetylation indicate that the stress tolerance phenotypes of esk1 described in earlier reports are most probably indirect effects resulting from impaired xylem vessel functions due to the defective secondary wall thickening. The esk1 mutation causes a collapse of xylem vessels and impedes water transport (Lefebvre et al. 2011) , which is likely to account for the wilting leaf phenotype. The wilting leaf phenotype may in turn elicit stress responses leading to increased tolerance to various stress conditions. Such an increased stress tolerance has previously been reported for several collapsed xylem vessel mutants defective in secondary wall biosynthesis (Chen et al. 2005, Keppler and Showalter 2010) , further supporting the correlation between defective secondary wall biosynthesis and increased stress tolerance.
Complexity of the biochemical mechanism underlying xylan O-acetylation
Our finding that the esk1 mutation causes a specific defect in 2-O-and 3-O-monoacetylation of xylosyl residues in xylan has important implications in dissecting the biochemical mechanism underlying xylan O-acetylation. It should be pointed out that although acetyl groups could migrate in xylosyl units under weak acidic conditions during chlorite holocellulose isolation, the condition that we used for holocellulose isolation is the same as the one reported by Evtuguin et al. (2003) , which demonstrated that no migration of acetyl groups occurred during the procedure. Thus, the observed specific reduction in the acetyl groups at O-2 and O-3 of xylosyl residues in the esk1 mutant should reflect an actual change native to the cell walls. This finding implies that the mono-O-acetylation, di-O-acetylation and mono-O-acetylation of xylosyl residues substituted at O-2 with GlcA/ MeGlcA may be catalyzed by different acetyltransferase Fig. 9 Assays of xylan acetyltransferase (AcetylT), xylosyltransferase (XylT) and methyltransferase (MetT) activities in the microsomes isolated from stems of the wild type and the esk1 mutant. Xylan acetyltransferase activity was assayed using [ 14 C-acetyl]CoA as the acetyl donor and Xyl 6 as the acceptor. Xylan xylosyltransferase activity was detected using UDP-[
14 C]xylose as the xylosyl donor and Xyl 6 as the acceptor. Xylan methyltransferase activity was determined using S-[ 14 C-methyl]adenosylmethionine as the methyl donor and GlcAsubstituted Xyl 4 as the acceptor. Note the significant loss of the acetyltransferse activity in the esk1 mutant. Error bars denote the SE of three independent assays. activities. We propose that ESK1 is a putative acetyltransferase specifically mediating 2-O-monoacetylation and 3-Omonoacetylation of xylosyl residues in xylan. Since there are a number of close ESK1 homologs present in the Arabidopsis genome (Bischoff et al. 2010) , it is conceivable that some of these ESK1 close homologs are probably responsible for 2,3-di-O-acetylation of xylosyl residues and 3-O-acetylation of xylosyl residues substituted at O-2 with GlcA/MeGlcA. This scenario is similar to what was proposed for the arabinosylation of xylan. The 2-O-monoarabinosylation, 3-O-monoarabinosylation and 2,3-di-O-arabinosylation of xylosyl residues were postulated to be carried out by different arabinosyltransferase activities (Scheller and Ulvskov 2010) . Further genetic and biochemical analyses are required to prove this hypothesis.
Distribution pattern of acetyl and GlcA/MeGlcA substitutions in wild-type Arabidopsis xylan
The distribution pattern of acetyl groups in xylan has been investigated in a number of plant species, including poplar, birch, beech, Eucalyptus, Paulownia, Acacia, Vitis and maize (Teleman et al. 2000 , Teleman et al. 2002 , Evtuguin et al. 2003 , Gonçalves et al. 2008 , Naran et al. 2009 , Marques et al. 2010 , Prozil et al. 2012 . The degree of acetyl substitutions of xylosyl residues in xylans from these species was found to range from 0.35 to 0.61. The wild-type Arabidopsis xylan has an acetylation degree of 0.61, which is close to those reported for poplar, Eucalyptus, Paulownia and Acacia (acetylation degree = 0.58-0.61). Analysis of xylooligosaccharides released by endoxylanase digestion of wild-type Arabidopsis acetylated xylan revealed an uneven distribution of acetyl groups along the xylan backbone. For example, oligomers with five xylosyl residues can have acetyl groups with numbers ranging from 1 to 5 (Fig. 6) . This nonuniform distribution of acetyl groups in the xylan backbone in Arabidopsis is similar to what has been reported for acetylated xylans isolated from maize and Paulownia (Goncalves et al. 2007 , Naran et al. 2009 ).
The frequency of GlcA/MeGlcA substitutions in xylan isolated from angiosperms has been reported to be one GlcA/ MeGlcA in 10-20 xylosyl residues (Teleman et al. 2000 , Teleman et al. 2002 , Evtuguin et al. 2003 , Goncalves et al. 2007 . It is interesting to note that some xylooligomers released from the endoxylanase digestion of wild-type Arabidopsis acetylated xylan have clustered GlcA/MeGlcA substitutions. For example, oligomers with five xylosyl residues have been found to have two MeGlcA or one GlcA and two MeGlcA residues (Fig. 6 ), indicating that glucuronyltransferases are able to add GlcA side chains onto adjacent xylosyl residues and the distribution of GlcA/MeGlcA side chains in Arabidopsis xylan is not evenly spaced. It is noteworthy that the esk1 mutation leads to increased substitutions of GlcA/ MeGlcA in xylan compared with the wild type, probably due to the reduction in 2-O-acetylation leaving more O-2 positions available for GlcA/MeGlcA substitutions.
Reduced xylan acetylation increases the digestibility of acetylated xylan by endoxylanases as seen in esk1
Wild-type Arabidopsis xylan extracted with alkali retains no acetyl groups and, when digested with endoxylanases, it is degraded into mainly Xyl 4 substituted with one GlcA/ MeGlcA (Lee et al. 2012d) . In contrast, the predominant xylooligomers generated by endoxylanase digestion of DMSOextracted acetylated xylan are Xyl 7 substituted with GlcA/ MeGlcA and acetyl groups (Fig. 6) , indicating that acetylation hinders the accessibility and digestion of xylan by xylanases. Reduction in xylan acetylation as seen in the esk1 mutant leads to more efficient digestion of acetylated xylan by xylanase, releasing shorter xylooligomers with Xyl 4 substituted with one GlcA/MeGlcA and one acetyl group as the predominant forms. This finding is consistent with an earlier report demonstrating that chemical removal of acetyl groups improves the digestibility of biomass xylan by xylanases, which subsequently increases the accessbility and digestibility of biomass cellulose by cellulases (Selig et al. 2009 ).
In conclusion, we have found that the Arabidopsis DUF231 domain-containing ESK1 protein is a putative acetyltransferase required for normal O-acetylation of xylan. The finding that the esk1 mutation causes a specific defect in 2-Omonoacetylation and 3-O-monoacetylation but not 2,3-di-Oacetylation and 3-O-acetylation of xylosyl residues substituted at O-2 with GlcA/MeGlcA indicates that multiple acetyltransferase activities are involved in O-acetylation of xylan at different positions. Our findings lay the foundation for further dissecting the biochemical mechanism underlying xylan acetylation, the knowledge of which may provide tools and strategies for custom-designing biomass composition better suited for biofuel production.
Materials and Methods

Gene expression analysis
Total RNAs were isolated from Arabidopsis tissues with a Qiagen RNA isolation kit. RNAs from different cell types (interfascicular fibers, xylem and pith cells) were isolated and amplified as described previously . RNAs were first reverse-transcribed to generate first-strand cDNAs, which were subsequently used as templates for real-time quantitative PCR analysis with the QuantiTect SYBR Green PCR kit (Clontech). The PCR primers for ESK1 are 5 0 -acgtcacgcattctcttaatgttc-3 0 and 5 0 -tcacgaacgggaaatgatacgtgt-3 0 . The relative expression level was calculated by normalizing the PCR threshold cycle number of each gene with that of the EF1 reference gene. The data were the average of three biological replicates. For the GUS reporter gene analysis, the ESK1 gene containing a 3 kb 5 0 upstream sequence, the entire coding region and a 2 kb 3 0 downstream sequence was used. The GUS gene was inserted in-frame right before the stop codon of ESK1, and then cloned into pBI101 (Clontech) to create the GUS reporter construct. Inflorescence stems from 6-week-old transgenic plants expressing the GUS reporter gene were examined for the GUS activity described previously (Zhong et al. 2005) .
Subcellular protein localization
For subcellular localization of ESK1, YFP-tagged ESK1 and cyan fluorescent protein (CFP)-tagged Golgi marker (FRA8; Zhong et al. 2005) were co-transfected into Arabidopsis leaf protoplasts (Sheen 2001) . Fluorescence signals in transfected protoplasts were visualized using a Leica TCs SP2 spectral confocal microscope (Leica Microsystems).
Histology
The basal parts of the main inflorescence stems of mature plants were fixed in 2% formaldehyde and embedded in low viscosity (Spurr's) resin (Electron Microscopy Sciences) (Burk et al. 2006) . Sections 1 mm thick were cut with a microtome and stained with toluidine blue for light microscopy. For fiber wall thickness measurement, 85 nm thick stem sections were cut, post-stained with uranyl acetate and lead citrate, and observed using a Zeiss EM 902A transmission electron microscope. The first layer of interfascicular fibers next to the endodermis was measured for wall thickness. The basal parts of inflorescence stems of mature plants were measured for their breaking force using a digital force/length tester (Larson System) (Zhong et al. 1997) . Breaking force was calculated as the force needed to break apart a stem segment.
Cell wall sugar composition analysis
Inflorescence stems from mature plants were used for cell wall isolation according to Zhong et al. (2005) . Neutral cell wall sugars (as alditol acetates) were determined following the procedure described by Hoebler et al. (1989) . The alditol acetates of the hydrolyzed cell wall sugars were analyzed on a PerkinElmer Clarus 500 gas-liquid chromatograph instrument equipped with a 30 m Â 0.25 mm (i.d.) silica capillary column DB 225 (Alltech Associates).
MALDI-TOF MS
Acetylated xylan extracted with DMSO (Teleman et al. 2002) was digested with b-endoxylanase M6 (Megazyme) to generate xylooligosaccharides, which were used for MALDI-TOF-MS according to Zhong et al. (2005) . The spectrometer was operated in the positive-ion mode with an accelerating voltage of 30 kV, an extractor voltage of 9 kV and a source pressure of approximately 8 Â 10 À7 Torr. The aqueous sample was mixed (1 : 1, v/ v) with the MALDI matrix (0.2 M 2,5-dihydroxbenzoic acid and 0.06 M 1-hydroxyisoquinoline in 50% acetonitrile) and dried on a stainless steel target plate. The spectra were the average of 100 laser shots.
H-NMR spectroscopy
NMR spectra of KOH-and DMSO-extracted xylan were acquired at 20 C on a 600 MHz spectrometer (599.7 MHz, 1 H) using a 3 mm cryogenic triple resonance probe (Teng et al. 2012) . All NMR samples were prepared with 100% D 2 O. For all experiments, 128 transients were collected using a spectral width of 6,000 Hz and an acquisition time of 5 s. The residual water resonance was suppressed by a 1 s pre-saturation pulse at a field strength of 40 Hz. All spectra were processed with 0.2 Hz apodization followed by zero-filling to 128 k points. The 1 H NMR assignments were done by comparing them with the NMR spectral data for xylan structure (Teleman et al. 2000 , Zhong et al. 2005 , Peña et al. 2007 ).
Quantitative measurement of acetyl groups
The amount of acetyl groups in cell walls and DMSO-extracted xylan was determined by quantifying acetic acid released from cell wall polysaccharides upon treatment with NaOH according to Teleman et al. (2002) . The cell wall residues were first de-pectinated with ammonium oxalate, and then extracted for acetic acid with NaOH. After neutralization with HCl, the amount of acetic acid liberated in the extract was determined using an acetic acid assay kit (Megazyme).
Acetyltransferase activity assay
Microsomes were isolated from 6-week-old Arabidopsis inflorescence stems and used for the acetyltransferase activity assay. For each assay, microsomes (200 mg) were incubated with the reaction mixture (50 ml) containing 100 mM HEPES-KOH, pH 7.0, 5 mM MgCl 2 , 5 mM MnCl 2 , 0.5% Triton X-100, 1 mM dithiothreitol, 0.5% bovine serum albumin, 6% sucrose, 3 mM UDP-xylose, 1 mg ml À1 Xyl 6 and [ 14 C-acetyl]CoA (0.1 mCi; American Radiolabeled Chemical). The reaction products were separated from [ 14 C-acetyl]CoA by paper chromatography according to Ishikawa et al. (2000) and counted for the amount of radioactivity with a PerkinElmer scintillation counter.
Methyltransferase activity assay
Microsomes (100 mg) were incubated with the reaction mixture (50 ml) containing 100 mM HEPES-KOH, pH 7.0, 1 mM CoCl 2 , 0.5% Triton X-100, 1 mg ml
À1
GlcA-substituted Xyl 4 isolated from the gxm1/2/3 triple mutant, and S-[ 14 C-methyl]adenosylmethionine (0.1 mCi; American Radiolabeled Chemical). The radiolabeled reaction products were separated from S-[ 14 C-methyl]adenosylmethionine by AG1-X4 anion exchange chromatography (Currie and Timell 1959, Lee et al. 2012d ) and counted for the amount of radioactivity with a PerkinElmer scintillation counter.
Xylosyltransferase activity assay
The xylosyltransferase activity in microsomes isolated from inflorescence stems was assayed according to Kuroyama and Tsumuraya (2001) . The reaction products were separated from UDP-[ 14 C]Xyl by paper chromatography according to Ishikawa et al. (2000) and counted for the amount of radioactivity with a PerkinElmer scintillation counter.
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